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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The influence of strain amplitude and strain rate on low cycle fatigue (LCF) behaviour of the ex-service P92 steel at temperature 
of 600°C has been examined. Fully reversed strain-controlled LCF tests were conducted at the strain amplitude between ±0.4% 
and ±0.8% employing strain rate of 2.4x10-3s-1 to 2.4x10-5s-1. The material has been found to exhibit continuous cyclic softening 
behaviour throughout the LCF tests, and there was no saturation stage observed. The number of cycles to failure decreased with 
lowering the strain rate and increasing strain amplitude. Mathematically, the relationship between time to failure and strain rate 
can be expressed by a power law relation. Elastic-plastic finite element (FE) analysis was carried out to obtain the hysteresis loop 
and cyclic str ss response of the material. The computation results shown to be in good agreement with the exper mental ata. 
Fractographic examinations of the fatigued specimens were perf rmed using scanning electron microscop  (SEM). Under the 
LCF condition at higher strain rat s, the crack propagated int rgranularly which due to fatigue while at lower strain rates the 
crack may be propagated in both inter- and transgranular manner. 
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1. Introduction 
Due to the excellent mechanical and creep resistant properties, Grade 92 steel is extensively used as super-heater 
tubes and steam pipes in power plant. Such components may experience rather complex loading at constant and/or 
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temperature cycles during operation and can lead to LCF and thermo-mechanical fatigue failures. At lower strain 
rate, the creep damage may influence the life of the components therefore, the interaction between creep and fatigue 
must be taken into account during analysis. Due to the complexity in the set-up of the thermo-mechanical fatigue 
testing, many attempts; Lee et al. (2014), Haddar et al. (2012) and Huang et al. (2006) have been made to predict the 
components lifetime under thermo-mechanical fatigue conditions using isothermal LCF fatigue data. Therefore, 
profound understanding of the material behaviour and damage mechanism under the LCF condition emerges to be 
very important in predicting the lifetime of power plant components under the intricate loading conditions. Zhang et 
al. (2015) investigated the influence of strain amplitude on P92 steel materials at room temperature and 600°C and 
found that the LCF life decreased at higher strain amplitude and temperature. The amount and rate of softening were 
found to increase at the temperature of 600°C, however, is not significantly affected by the strain amplitude. In 
contrast, Kannan et al. (2013) have found for P92 steel that the softening rate of the material increases proportionally 
with the strain amplitude. The two aforesaid investigations were performed under the constant strain rates. Other 
researchers such as Richa et al. (2014), Mishney et al. (2015) and Wang et al. (2015) have published related works 
on the effect of strain amplitude on LCF life, but very limited data have been reported in the literature to correlate 
the effect of strain rate on the LCF behaviour of P92 steel. In this study, the LCF behaviour of the ex-service P92 
steel at the temperature of 600°Care systematically investigated. The effects of strain amplitude (SA) and strain rate 
(SR) on the LCF life are studied. A constitutive model based on the isotropic and nonlinear kinematic hardening 
rules was applied to numerically replicate the cyclic behaviour of the material. Furthermore, the fractography of the 
fatigued specimens were examined under SEM in order to identify the damage mechanism of the material. 
2. Experimental Details 
The P92 steel exposed to the temperature of 540°C over 22,000 service hours in the power plant was 
investigated. The microstructure of the material was observed under an optical microscope after the mechanical 
grinding using grit papers (#600, #800, #1200 and #2500) and polishing up to 1μm with the diamond suspension 
liquid. The polished specimen was then swabbed using a Villella’s reagent, a mixture of 1g of acid picric + 5mL of 
HCL + 100mL of ethanol and left for 10-15s to reveal the microstructure of the material. The martensitic lath 
structures and prior austenitic grain boundaries of the material were exposed clearly as shown in Fig. 1. 
 
 
Fig. 1. Optical micrograph of ex-service P92 steel (Magnification of 500X) 
Low cycle fatigue tests were conducted in air at 600°C using the Instron 8801 servo-electric machine. A tension-
compression loading conditions were applied to the test specimens employing a triangular waveform. The test was 
performed at strain rate between 2.4x10-3s-1 and 2.4x10-5s-1 with varying strain amplitude from ±0.4% to ±0.6%. 
High-temperature extensometer with the span length of 12.5mm was attached to the specimens in order to measure 
the mechanical displacement during the test. The K-type thermocouple wires were spot-welded on the specimens at 
three different locations within the gauge length. Following the ASTM E606 (2012), the temperature reading 
throughout the gauge length were measured before the start of the test to ensure that they were within the ±1% of the 
nominal temperature range. In addition, the temperature was controlled during the LCF tests with the maximum 
temperature variation allowed to be at ±2°C. The detail geometry of the LCF test specimen is shown in Fig. 2. 
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Fig.2. Geometry of the test specimen (dimension in mm) 
In Fig. 3a, the cyclic stress response at different strain rates and amplitudes for the ex-service P92 steel material 
is presented. The material exhibits significant cyclic softening behaviour at the initial stage under all tested 
conditions. After the initial stage, the material continues to soften gradually under cyclic loading and there is no 
saturation stage is observed. According to Giroux (2011), the cyclic softening phenomenon of this material is mainly 
due to a decrease in kinematic hardening, perhaps induced by the decrease in dislocation density and coarsening of 
laths. Rapid decrement in the cyclic stress response is evidenced when the macro-cracks are initiated to the material. 
The cyclic stress response and LCF life of the ex-service P92 steel are strongly dependent on the strain amplitude as 
shown in Fig. 3a. At lower strain amplitude, the fatigue life of the material is significantly influenced by the strain 
rate, however, the phenomenon is less pronounced at higher strain amplitude. At the strain rate of 2.4x10-3 s-1, the 
number of cycles to failure decreases from 2276 to 527 as the strain amplitude increases from ±0.4% to ±0.8%. At 
the lower strain rate of 2.4x10-5 s-1, the number of cycles to failure reduces by approximately 32% as the strain 
amplitude varies from ±0.6% to ±0.8%. To quantify the amount of material softening, the ratio between the dropped 
in peak stress at half-life cycle and the peak stress at first cycle is used in previous investigations; Luo et al. (2013) 
and Hong et al. (2004). Mathematically, the softening ratio is expressed by: 
Softening ratio = 
 − |50%
                 (1) 
where  and |50%  denote the peak stress at first cycle and half-life, respectively. Fig. 3b illustrates the 
softening ratio of the material with respect to the strain rates. It is evident that the softening ratio decreases with the 
decrease in strain rates in the range of 2.4x10-3 to 2.4x10-5s-1. These results are consistent with the finding reported 
by Luo et al. (2013), however, at higher strain rates of approximately 0.02s-1 and further, Luo et al. (2013) have 
found that the softening ratio increased proportionally with the strain rates.  
 
 
 
 
 
 
 
 
Fig. 3. (a) Cyclic stress response for all tested LCF test samples; (b) Softening ratio 
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temperature cycles during operation and can lead to LCF and thermo-mechanical fatigue failures. At lower strain 
rate, the creep damage may influence the life of the components therefore, the interaction between creep and fatigue 
must be taken into account during analysis. Due to the complexity in the set-up of the thermo-mechanical fatigue 
testing, many attempts; Lee et al. (2014), Haddar et al. (2012) and Huang et al. (2006) have been made to predict the 
components lifetime under thermo-mechanical fatigue conditions using isothermal LCF fatigue data. Therefore, 
profound understanding of the material behaviour and damage mechanism under the LCF condition emerges to be 
very important in predicting the lifetime of power plant components under the intricate loading conditions. Zhang et 
al. (2015) investigated the influence of strain amplitude on P92 steel materials at room temperature and 600°C and 
found that the LCF life decreased at higher strain amplitude and temperature. The amount and rate of softening were 
found to increase at the temperature of 600°C, however, is not significantly affected by the strain amplitude. In 
contrast, Kannan et al. (2013) have found for P92 steel that the softening rate of the material increases proportionally 
with the strain amplitude. The two aforesaid investigations were performed under the constant strain rates. Other 
researchers such as Richa et al. (2014), Mishney et al. (2015) and Wang et al. (2015) have published related works 
on the effect of strain amplitude on LCF life, but very limited data have been reported in the literature to correlate 
the effect of strain rate on the LCF behaviour of P92 steel. In this study, the LCF behaviour of the ex-service P92 
steel at the temperature of 600°Care systematically investigated. The effects of strain amplitude (SA) and strain rate 
(SR) on the LCF life are studied. A constitutive model based on the isotropic and nonlinear kinematic hardening 
rules was applied to numerically replicate the cyclic behaviour of the material. Furthermore, the fractography of the 
fatigued specimens were examined under SEM in order to identify the damage mechanism of the material. 
2. Experimental Details 
The P92 steel exposed to the temperature of 540°C over 22,000 service hours in the power plant was 
investigated. The microstructure of the material was observed under an optical microscope after the mechanical 
grinding using grit papers (#600, #800, #1200 and #2500) and polishing up to 1μm with the diamond suspension 
liquid. The polished specimen was then swabbed using a Villella’s reagent, a mixture of 1g of acid picric + 5mL of 
HCL + 100mL of ethanol and left for 10-15s to reveal the microstructure of the material. The martensitic lath 
structures and prior austenitic grain boundaries of the material were exposed clearly as shown in Fig. 1. 
 
 
Fig. 1. Optical micrograph of ex-service P92 steel (Magnification of 500X) 
Low cycle fatigue tests were conducted in air at 600°C using the Instron 8801 servo-electric machine. A tension-
compression loading conditions were applied to the test specimens employing a triangular waveform. The test was 
performed at strain rate between 2.4x10-3s-1 and 2.4x10-5s-1 with varying strain amplitude from ±0.4% to ±0.6%. 
High-temperature extensometer with the span length of 12.5mm was attached to the specimens in order to measure 
the mechanical displacement during the test. The K-type thermocouple wires were spot-welded on the specimens at 
three different locations within the gauge length. Following the ASTM E606 (2012), the temperature reading 
throughout the gauge length were measured before the start of the test to ensure that they were within the ±1% of the 
nominal temperature range. In addition, the temperature was controlled during the LCF tests with the maximum 
temperature variation allowed to be at ±2°C. The detail geometry of the LCF test specimen is shown in Fig. 2. 
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Fig. 4 shows the fatigued specimens at different strain rates with the strain amplitude of ±0.6%. At higher strain 
rate, a flat appearance of the crack is observed, whereas winding crack path is found at lower strain rates. The 
cracking occurs within the gauge length of the test specimens and no cracks are found to have initiated from the 
location where the thermocouples are spot-welded. This confirms the crack initiation is not affected by the surface 
defect which might occur during spot-welding process. For direct comparison, the hysteresis loops at different strain 
rates with the strain amplitude of ±0.6% were plotted as shown in Fig. 5. Apparently, under monotonic loading 
(tensile parts of first half-cycle), both the yield and peak stresses increased as the strain rate increased. The 
hysteresis loops at different strain rates and amplitudes for both first and half-life cycles are presented in Fig. 6 and 
7, respectively. As expected, at constant strain rate, higher strain amplitudes lead to higher peak stress level in both 
tension and compression loadings. At particular strain value, the specimens tested at strain rate of 2.4x10-3 s-1 have 
slightly higher stress level as compared to those tested with lower strain rates. When comparing between the first 
and half-life hysteresis loops, it can be seen that the plastic strain range increased as the number of cycles increased. 
Giroux (2011) has shown when the plastic strain range at half-life cycle against the number of cycles to failure was 
plotted in double-logarithmic scale, the two parameters can be correlated by linear relation. The effect of strain rate 
on the lifetime of ex-service P92 steel is presented in Fig. 8. It can be seen that the number of cycles to failure 
decreases gradually with the increasing strain rate. A good empirical correlation is found when the material lifetime 
is plotted in terms of the time to failure. Lower strain rate leads to higher time to failure and these two parameters 
can be correlated by the power law relation. Similar trends have also been reported by Luo et al. (2013). 
 
 
 
 
 
 
 
 
 
Fig. 4. Failed specimens after LCF tests at strain amplitude of ±0.6%: (a) SR = 2.4x10-3 s-1; (b) SR = 2.4x10-4 s-1; (c) SR = 2.4x10-5 s-1 
 
Fig. 5. Influence of strain rate on hysteresis loops with SA = ±0.6%. 
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Fig. 6. Hysteresis loops: (a) SR = 2.4x10-3 s-1 (first cycle); (b) SR = 2.4x10-3 s-1 (half-life cycle) 
 
Fig. 7. Hysteresis loops: (a) SR = 2.4x10-5 s-1 (first cycle); (b) SR = 2.4x10-5 s-1 (half-life cycle) 
 
Fig. 8. Relationship between strain rate and lifetime: (a) number of cycles to failure; (b) time to failure 
3. Comparison between finite element results and experimental data 
The hysteresis loops and stress response of the ex-service P92 steel under LCF loading were simulated using the 
commercial finite element software ABAQUS v6.13. The material was modelled as an elastic-plastic material with 
nonlinear isotropic/kinematic hardening rules. The elastic properties of the material were determined from the first 
cycle of hysteresis loop where the modulus of elasticity was calculated from an average value of the linear lines 
during loading and unloading. For each strain rate, the kinematic hardening parameters were determined from the 
hysteresis loop at half of the fatigue life and the plastic isotropic hardening parameters were obtained from a set of 
hysteresis loops at the highest strain amplitude. Detailed procedures to determine the hardening parameters can be 
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plotted in double-logarithmic scale, the two parameters can be correlated by linear relation. The effect of strain rate 
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is plotted in terms of the time to failure. Lower strain rate leads to higher time to failure and these two parameters 
can be correlated by the power law relation. Similar trends have also been reported by Luo et al. (2013). 
 
 
 
 
 
 
 
 
 
Fig. 4. Failed specimens after LCF tests at strain amplitude of ±0.6%: (a) SR = 2.4x10-3 s-1; (b) SR = 2.4x10-4 s-1; (c) SR = 2.4x10-5 s-1 
 
Fig. 5. Influence of strain rate on hysteresis loops with SA = ±0.6%. 
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obtained from the literature; Hormozi et al. (2013) and Biglari et al. (2012). For computational efficiency, the 
analyses were simplified by reducing the FE model into several elements and only half of the entire gauge length 
was modelled. The LCF test specimens were modelled using continuum axis-symmetric quadrilateral elements with 
reduced integration scheme (CAX4R). The symmetric boundary condition and prescribed displacement were 
applied at the mid-of-specimen and reference point, respectively. To optimise computational time, the simulation 
was performed until the half-life cycle was reached. The results from half-life cycle to the number of cycles to 
failure were then extrapolated in order to compare the simulation results with experimental data. The hysteresis loop 
results with different strain rates at strain amplitude of ±0.6% and ±0.8% are shown in Fig. 9. The simulation results 
of hysteresis loop for the first and half-life cycles at different strain amplitude show a good agreement with the 
experimental data, indicating that the simplified models applied in the simulation work are capable to capture the 
LCF behaviour of the P92 steel across a wide range of strain amplitudes. The evolutions of cyclic stress response of 
the materials are shown in Fig. 10. For comparison, only two different cyclic stress responses at SA of ±0.6% and 
±0.8% at SR of 2.4x10-3s-1 are presented in this paper. It can be seen that the models employed by Hormozi et al. 
(2013) and Biglari et al. (2012), the same models that have been employed for the FE simulations predict well the 
cyclic stress response of the material up to the macro-crack initiation point – the point where the peak stress starts to 
drop rapidly. In the present study, the damage initiation and evolution models do not take into account during the 
simulation works. Therefore, the models are unable to capture the cyclic stress response from micro-crack initiation 
to failure. In order to simulate the overall material response, the damage models must be employed into the LCF 
simulation. Biglari et al. (2012) have performed the FE damage analysis that incorporated both damage initiation 
and evolution models based on the stabilized accumulated inelastic hysteresis strain energy per cycle in order to 
simulate the material degradation due to the crack propagation. 
 
 
Fig. 9. Comparison of hysteresis loops: (a) first and half-life cycles at SA = ±0.6%; (b) first and half-life cycles at SA = ±0.8% 
 
 
Fig. 10. Comparison of stress-stress response 
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4. Fracture behaviour and SEM observation 
Fractographic examinations of the specimens after the fatigue tests were conducted by using SEM. Fig. 11 
presents the fracture surface of the fatigued sample at SR = 2.4x10-5s-1. Multiple sites of the potential crack initiation 
are found and indicated by the white arrows as shown in Fig. 11a. Since the boundaries between the inclusions and 
matrix are relatively weaker, some of the cracks are initiated adjacent to the inclusion region. Under cyclic loading, 
these sites become the stress raiser points and consequently act to promote the crack initiation around the region. 
The typical appearance of the fracture surface of P92 steel under the LCF loading is shown in Fig. 11b. A number of 
transgranular secondary cracks and cavities are clearly observed on the fracture surface. Luo et al. (2013) have 
reported that the secondary cracks were more pronounced at lower strain rate while cavities were prevalent at higher 
strain rate. In Fig. 11c, it can be seen that some of the secondary cracks may have initiated at the grain boundary of 
the matrix. The subsequent growth of these cracks may be attributed to the intergranular creep cracking as the 
deformation of the grain boundary sliding is more prevalent at lower strain rates and long dwell times. The crack 
initiation sites of fatigue sample tested at SR = 2.4x10-4s-1 are shown in Fig. 12a. Similar results as those in Fig. 11a 
are observed where the cracks initiated from the surface of specimens at several locations. The crack growth 
direction is marked by the white arrows which are perpendicular to the loading direction. Numerous secondary 
cracks are observed during the examination and some are shown as in Fig. 12b and 12c.   
 
         
          
Fig. 11. SEM images of specimen tested at SR = 2.4x10-5 s-1 with SA = ±0.8%: (a) crack initiation sites and close-up at inclusion; (b) typical 
appearance of fracture surface; (c) secondary crack 
        
Fig. 12. SEM images of specimen tested at SR = 2.4x10-4 s-1 with SA = ±0.6%: (a) crack initiation sites; (b) typical appearance of fracture 
surface; (c) secondary crack 
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(2013) and Biglari et al. (2012), the same models that have been employed for the FE simulations predict well the 
cyclic stress response of the material up to the macro-crack initiation point – the point where the peak stress starts to 
drop rapidly. In the present study, the damage initiation and evolution models do not take into account during the 
simulation works. Therefore, the models are unable to capture the cyclic stress response from micro-crack initiation 
to failure. In order to simulate the overall material response, the damage models must be employed into the LCF 
simulation. Biglari et al. (2012) have performed the FE damage analysis that incorporated both damage initiation 
and evolution models based on the stabilized accumulated inelastic hysteresis strain energy per cycle in order to 
simulate the material degradation due to the crack propagation. 
 
 
Fig. 9. Comparison of hysteresis loops: (a) first and half-life cycles at SA = ±0.6%; (b) first and half-life cycles at SA = ±0.8% 
 
 
Fig. 10. Comparison of stress-stress response 
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5. Conclusion 
The influence of strain amplitude and strain rate on the LCF behaviour of P92 steel at 600°C was investigated. 
Based on the studies, the following conclusions have been drawn: 
 
 Under the LCF test conditions, the ex-service P92 steel exhibited continuous cyclic softening and no saturation 
stage was observed. Rapid decrement in the cyclic stress response was shown at the initial stage before the 
material gradually softens until the micro-crack initiation point is reached. 
 The LCF life was significantly affected by both strain amplitude and strain rate. Therefore, the two factors must 
be considered when planning further tests. At constant strain amplitude, the relationship between the time to 
failure and strain rate can be expressed mathematically by the power law relation.  
 At higher strain rates, the crack propagated intergranularly which due to fatigue while at lower strain rates the 
crack may be propagated in both inter- and transgranular manner. The deformation of grain boundaries sliding 
are more prevalent at the lower strain rates and longer dwells therefore, the reduction of material lifetime could 
be due to an increasing of creep cracking. 
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